Abstract
Introduction

64
Large scale Aspergillus niger citrate production is a notorious example of a production process 65 that requires a unique combination of unusual nutrient and environmental conditions [1] . 66
Carbon excess relative to iron, zinc, copper, manganese, phosphorus, magnesium, potassium 67
6
In these experiments, two A. niger N402 derivative strains (NW186 and NW305) were used. 115 Both NW186 and NW305 have a mutation in glucose oxidase (goxC17), making these strains 116 gluconate non-producers. In addition, NW186 has a mutation in oxaloacetate acetylhydrolase 117 (prtF28), making this strain an oxalate non-producer [12] . As a result, NW305 is able to 118 produce both oxalate and citrate, whereas NW186 can only produce citrate. Both strains are in 119 addition ornithine transcarbamylase (argB) knock-out mutants, making them arginine 120 auxotrophic [11] . Supplementation of the medium with either arginine or citrulline can restore 121 growth of the ΔargB mutants, but we found that addition of excess (5 mM) citrulline (NW186 122 +Fe_c) increases total citrate production when compared to addition of (1.1 mM; "standard" 123 condition) arginine (NW186 +Fe_a). Thus, as can be seen Fig 1B, we can induce an increase 124 in relative citrate production by either limiting iron availability (iron experiment), or 125 substituting the arginine supplement with excess citrulline (supplement experiment). 126
Citrate production yields of the considered conditions are shown in Table 1 . Total citrate yield 127 is almost doubled in NW186 +Fe_c compared to NW186 +Fe_a (Table 1) . As expected, 128 addition of excess citrulline does not only increase the citrate productivity (g·L -1 ·h -1 , Fig 1B) , 129 but also has an overall stimulating effect on metabolism; it leads to increased glucose 130 consumption (Fig 1B) , doubled final biomass (Table 1) , and increased CO2 production (337.79 131 ± 15.86 mM in NW186 +Fe_c, and 265.51 ± 9.28 mM in NW186 +Fe_a). On the other hand, 132 not adding iron to the culture medium increases the citrate per glucose production rate (Fig  133   1B ), but total biomass production remains limited (Table 1) , and reduced glucose consumption 134 is observed (Fig 1B) . These differences between both experiments suggest that there are two 135 quite different mechanisms at play, although both lead to an increase in extracellular citrate 136 accumulation relative to their respective control conditions. 137 Transcriptomic data corresponding to the iron experiment have been published in [7] . Here, we 143 performed transcriptomics analysis on the supplement experiment, i.e. NW186 grown with 144 Fe(II)SO4 added to the medium, and supplemented with either 1.1 mM arginine or 5 mM 145 citrulline. RNA for RNA sequencing (RNA seq) was extracted after 48 h of growth. The 146 annotated genome of A. niger ATCC 1015 [13] was used as reference to map the RNA seq 147 reads (Table 2) . Genes with count per million (CPM) ≥ 1 were considered to be expressed (S1 148 Dataset). The supplement change from arginine to excess citrulline induces major 149 transcriptional adaptations, and over 20% of the annotated genes are differentially expressed 150 ( expressed genes in pathways associated to biomass formation, such as starch and sucrose 157 metabolism, and pathways related to amino acid biosynthesis, such as phenylalanine, tyrosine 158 and tryptophan biosynthesis and metabolism, and valine, leucine and isoleucine biosynthesis 159 (S3 Dataset). There is also an enrichment in differentially expressed genes related to fatty acid 160 biosynthesis, and synthesis and degradation of ketone bodies pathways, upon addition of excess 161 citrulline instead of arginine to the medium (S3 Dataset). Note that, although we observed 162 higher glucose consumption in NW186 +Fe_c, glycolysis as a pathway did not show 163 enrichment of differentially expressed genes. 164
Most of the pathways enriched in the arginine/citrulline supplement experiment (S3 Dataset) 165 were also enriched in the iron experiment [7] . Phenylalanine, tyrosine and tryptophan9 biosynthesis, and fatty acid biosynthesis pathways showed similar behaviours in both 167 experiments, and most of the enzymes in these pathways are down-regulated in the condition 168 with higher citrate production. 169
Looking at enzymes that were connected previously to organic acid production in filamentous 170
fungi [16] , we found that alternative oxidase (AOX, or non-electrogenic ubiquinol oxidase, EC 171 1.10.3.11) was up-regulated in the condition corresponding to the highest citrate secretion in 172 both experimental setups (Fig 2, S2 Dataset) . It has been reported that AOX is required for 173 efficient A. niger citrate production to avoid excess production of ATP [17] . However, only in 174 the supplement experiment, up-regulation of AOX was accompanied with down-regulation of 175 cytochrome c reductase, whereas in the iron experiment, this was not the case (Fig 2, S2  176 Dataset). It was found that incubating detached roots of the plant Poa annoa with citrate 177 increased protein concentration of AOX without actually increasing the activity of the 178 alternative respiration pathway itself [18] . The authors of the study hypothesised that the 179 chelating properties of citrate might lead to the withdrawal of the Fe in the active centre of 180 AOX, thereby rendering the protein inactive and evoking increased transcription of AOX to 181 compensate for the inactive protein. Therefore, the transcriptional increase of aox observed in 182 our two experimental setups might be due to the need to avoid excess ATP production only in 183 the arginine/citrulline supplement experiment, whereas in the iron experiment, it might be due 184 to high intracellular accumulation of citrate preceding its secretion in Interestingly, iron limitation in itself is not enough to evoke this response, but the presence of 186 an iron chelator seems to be necessary, e.g. citrate or o-phenanthroline (as shown for the yeast 187
Hansenula anomala [19] ). 188
Interestingly, the enzymes converting citrulline to arginine showed no differential expression 189 in the supplement experiment (Fig 2, S3 Dataset) (Fig 2) . In our experimental setup, increased citrate production was thus not due to 194 nitrogen limitation in either of the two experiments; In iron 195 was the limiting factor [7] , whereas addition of excess citrulline in NW186 +Fe_c provides an 196 extra source of nitrogen. However, in contrast to the general consensus, the accompanying 197 increased biomass formation did not come at the expense of citrate yield ( Table 2 ). The 198 question remains why addition of excess citrulline had such a strong effect on A. niger citrate 199 productivity ( Fig 1B) and to what extent this is linked to changes in the amino acids pool under 200 citrate producing conditions [20] . Table 2 ). However, although efficient in terms of yield per biomass produced and substrate 212 consumed, absolute citrate productivity (g·L -1 ·h -1 ) remains low ( Fig 1B, Table 2 ). 213
In the supplement experiment, we observed a higher glucose consumption rate when NW186 214 was supplemented with excess citrulline (Fig 1B) be further metabolised, which might be a mechanism to prevent further generation of NADH 226 [22] . 227
A. niger transporter identification and initial validation of promising candidates in yeast 228
To assemble a list of promising citrate transporter candidates, we combined the gene expression 229 data obtained from the two experimental setups with three complementary computational 230 approaches ( Fig 1A) . First, we looked at the problem in the context of citrate as iron 231 siderophore. Fungal iron homeostasis genes have been found to be clustered in the genome 232
[23], and it is not uncommon that fungal transporters are encoded by genes in close proximity 233 to the genes encoding biosynthesis of their transport target [24] . Thus, our first selection of 234 citrate transporter candidates were expressed genes located around citA in the ATCC 1015 235 genome, and which encoded proteins with at least one predicted transmembrane helix (tmh) 236 domain (S5 Dataset, Sheet "cluster_approach"). 237
Next, we constructed two hidden Markov models (HMM) from multiple sequence alignments 238 of biochemically characterised citrate transporters obtained from the UniProt database [25] . 239
The sequences selected to build the models matched the terms "citrate transport" and 240 "GO:0015137: citrate transmembrane transporter activity", and differences in the selected sets 241 reflect differences in protein annotation in UniProt. HMMs represent multiple sequence 242 alignments as position-dependent scoring systems, allowing variable conservation levels and 243 alignment length [26] . HMMs have been successfully used to identify glucose and xylose 244 transporters in A. niger [27, 28] . However, construction of a HMM with reliable predictive 245 power depends on the availability of biochemically characterised proteins with the function of 246 interest. The HMMs were used to identify and score new citrate transporter candidates in the 247 ATCC 1015 in silico proteome (S5 Dataset, Sheet "HMM_approach"). The highest scoring 248 candidate, with protein ID 1141368, also fits with the previous approach, as it is located very 249 close to citA (S5 Dataset, Sheet "cluster_approach"). Another high scoring protein, with protein 250 ID 1155853, is also in the genomic vicinity of citA, although it had a much lower HMM score. 251
However, due to biases in the sequences used to build the HMMs towards various other cell-252 organelles besides the plasma-membrane, and sequences of bacterial rather than eukaryotic 253 origin, the results from the HMM approach can well be used to condense a list of likely citrate 254 transporters across various cell-organelles, but is not suitable to pinpoint plasma-membrane A. 255 niger citrate exporter candidates. 256
Last, we identified all plasma-membrane proteins and selected them attending to the presence 257 and similarity of homologues in other genome sequenced Aspergilli or yeast that are known to 258 either produce (A. kawachii, Yarrowia lipolytica) or not produce (A. flavus, A. terreus, S. 259 cerevisiae) citrate (S5 Dataset, Sheet "homology_approach"). As indicated, we combined these 260 three approaches with the expression levels and predicted localisation of the identified proteins, 261 13 and finally ranked these transporters based on the expression data obtained from our two 262 experimental setups. 263
Based on our pre-selection (S5 Dataset), we chose two proteins (protein IDs 1165828 and 264 212337) as two likely citrate exporter candidates for further validation in S. cerevisiae. The 265 protein with ID 1165828 is a major facilitator superfamily transport protein with twelve 266 transmembrane helical regions (TMHs), and is the top-ranking citrate exporter candidate based 267 on its expression levels in the two experimental setups, and its higher similarity to transporters 268 in A. kawachii and Y. lipolytica compared to the non-citrate producing fungi (S5 Dataset, Sheet 269 "homology approach"). The protein with ID 212337 has 4 TMHs, and was chosen based on 270 being the only transporter candidate in the close vicinity of citA that is predicted to be located 271 in the plasma-membrane, although its low expression levels suggest lesser importance as actual 272 citrate exporter (S5 Dataset, Sheet "cluster_approach"). 273
S. cerevisiae was transformed with plasmids containing either one of the putative citrate 274 exporter candidate genes under the control of a copper inducible promoter (CUP1). In the first 275 growth experiment, we induced expression of the transporter proteins after 4 h with 1 mM 276 CuSO4, and found that neither the untransformed control strain, nor the strain transformed with 277 the protein 212337 encoding gene, secreted any citrate. However, the strain transformed with 278 the protein 1165828 encoding gene, hereafter named citT, accumulated a small amount of 279 extracellular citrate, indicating that this could be a citrate exporter. To further verify our initial 280 results, we grew S. cerevisiae transformed with the citT gene with either glucose or glycerol in 281 the medium, and either did or did not induce expression with CuSO4. Reconfirming our initial 282 observations, we found measurable accumulation of citrate in the extracellular medium only in 283 S. cerevisiae in which CitT expression was induced, but not in the non-induced transformant, 284 nor in the untransformed parent strain (Fig 4) . 285
Deletion of citT abolishes citrate production in A. niger 286 Accumulation of citrate in the medium of S. cerevisiae expressing citT strongly suggests that 287 the encoded protein can function as a citrate exporter. To understand the molecular 288 consequences of a citT deletion, the endogenous A. niger gene was replaced by the selection 289 marker pyrG from A. oryzae. Three independent ΔcitT strains, labelled ΔcitT-1.1, ΔcitT-2.1 and 290
ΔcitT-4.1, were selected for further study. 291
The phenotypes of the ΔcitT strains were observed on MM plates supplemented with glucose 292 as carbon source. In comparison to the wildtype N402, there were no differences of phenotypes 293 and growth rates. Moreover, the ΔcitT strains were able to grow normally on medium 294 containing citrate as sole carbon source. That means the deletion of the citT gene is not lethal 295 to A. niger, and that citrate import is not affected by the citT deletion. 296
Shake flasks were used to screen the ΔcitT strains for their ability to secrete citrate. Glucose 297 consumption, organic acid concentrations and pH were followed in time (Fig 5) . Using a 298 starting pH of 3.63, all strains acidified the medium. In case of the N402 control strain, the pH 299 decreased to 1.72 at 48 h and then increased slightly to pH 1.83 at 96 h (Fig 5A) . The pH of 300 the ΔcitT strains were constant at pH 1.70 from 48 h onwards (Fig 5B-D) . Glucose consumption 301 of the ΔcitT strains was slower than that of the wildtype; in the supernatant of the ΔcitT strains, 302 glucose was depleted only after 72 h, whereas glucose was already depleted after 48 h in the 303 supernatant of N402. Most of the glucose was converted to oxalate in the ΔcitT strains, and 304 only the wildtype strain exported citrate. The highest amount of citrate detected was ~1.3 g·L -305 1 (at t = 48 h). After 24 h, the oxalate yields in the ΔcitT strains were around 10% higher than 306 those of the N402 strain. These results reconfirm that the citT gene encodes an A. niger citrate 307 exporter. The three ΔcitT strains showed the same results, so only ΔcitT-1.1 was selected for 308 further studies. 309
As initial screen, the shake flask experiments were not optimised for citrate production. To 310 further understand the consequences of a citT deletion for citrate production, we used a medium 311 with 120 g·L -1 glucose [29] . For citrate production, a pH below 3.0 is crucial [6, 30] . The pH 312 of the fermentation was maintained at 2.5. At this pH, we can still monitor the amount of oxalic 313 acid produced as it high enough to prevent extracellular conversion of oxalic acid to formic 314 acid by oxalate decarboxylase [7, 31] and low enough to inactivate extracellular gluconic acid 315 formation. 316
In these experiments, extracellular citrate accumulation was detected only in the supernatants 317 of the wildtype, where the 6.7 fold increase in glucose drastically increased the citrate 318 productivity of the N402 strain to 30 g·L -1 (versus 0.10±0.04 g·L -1 for the ΔcitT strain (Fig 6) ). 319
It should be noted that hyper producing strains, reaching over 100 g·L -1 , have been evolved 320 from very similar genetic background. The resulting strains have structural genomic re-321 arrangements but with the same set of genes, except for mutations in genes involved in citrate 322 production [32] . 323
Another observation was that the ΔcitT strain took 192 h to deplete glucose, while the wildtype 324 strain took only 144 h (Fig 6) . A. niger produces citrate via glycolysis and the subsequent 325 mitochondrial TCA cycle. In the cytosolic glycolysis, glucose is converted to pyruvate, which 326 is subsequently transferred to the mitochondrion. In the mitochondrion, pyruvate is converted 327 to acetyl-CoA and then acetyl-CoA and oxaloacetate are condensed to citrate, which is 328 transported to the cytoplasm. At this point, citrate can either be converted to oxaloacetate by 329 ATP-citrate lyase, which can then be directly converted in oxalate by oxaloacetate 330 acetylhydrolase [33] , or secreted via the citrate exporter (Fig 3) . Upon deletion of the citrate 331 exporter gene, the ΔcitT strain can no longer secrete citrate. In these strains, glucose 332 consumption is reduced, suggesting that the high glycolytic flux observed under citrate 333 producing conditions and induced by high initial glucose concentrations in the medium cannot 334 be maintained. This might be due to an inhibitory effect of an increased intracellular citrate 335 pool on phosphofructokinase [34] . Deprived of the possibility to export citrate, the ΔcitT strain 336 secreted other organic acids. Oxalate was found in the supernatants of the ΔcitT strain with the 337 maximum amount around 40 g·L -1 , while the wildtype produced 12 g·L -1 at 192 h under these 338 conditions (Fig 6B) . 339
Conclusion
340
In the present work, we compared RNA expression levels of two experimental setups in which 341 a relative increase in A. niger citrate secretion was triggered by either limiting iron availability 342 or supplementing the fungus with excess citrulline instead of arginine. Our analyses of the 343 underlying transcriptomic landscapes show that extracellular citrate accumulation can be the 344 answer to multiple environmental conditions. As such, we propose that there is no such thing 345 as the mechanism underlying A. niger citrate production and secretion. In combining the 346 expression data of both the iron and supplement experiments with three different in silico 347 approaches, we condensed the A. niger transportome into a shortlist of the most promising 348 citrate transporter candidates. The candidate genes were tested in S. cerevisiae. While one of 349 the two candidates produced no significant change on the production phenotype, the other one 350 enabled citrate secretion in this organism, thus leading to the identification of an A. 
Materials and methods
357
Strains and Media 358
Escherichia coli DH5α was used for standard gene cloning purposes. performance liquid chromatography (HPLC) as described previously [7] . 426
Construction of knock-out strains for transporter validation 427
20
A. niger citrate exporter knock-out strains were constructed using the split-marker approach 428 reducing iron availability in the culture medium [7] . In the supplement experiment, performed 695 in fermentors, extracellular citrate accumulation was modulated by substituting the arginine 696 supplement with excess citrulline. Lists of differentially expressed genes in both experimental 697 setups were compared to obtain a shortlist of the most promising citrate exporter candidates. 698
